Abstract. Context-aware applications is not just a vision. Advances in wireless communications and mobile capabilities have revolutionized the way services are brought to users, i.e. adapted to their context. Location is a key attribute of the term context and thus, an accurate location determination system is of paramount importance. RFID (Radio Frequency IDentification) is an emerging technology and recently has been explored for its applicability in location sensing systems. In this paper, we focus on an RFID-based localization approach in an indoor multi-user environment and model its most adverse implicating factors, that is collisions among its main components and interference from indoor characteristics. Extensive simulations are conducted to characterize and evaluate the performance behavior of the proposed scheme in environments with different levels of severity.
Passive tags operate without battery, they just backscatter (far-field case) the RF signal transmitted to them from a reader. Active tags contain both a radio transceiver and a battery. Thus, passive tags compared to active tags are less expensive and with unlimited lifetime but with reduced read range capability. Due to its relatively low cost and its technical capabilities, RFID is considered as an attractive technology for location sensing. Correlating tag ids with specific locations can aid determining the location of a reader based on the location information retrieved from the tags within its range. However, RFID technology has some limitations which should be considered before employing it for localization. Being a short-range communication technology requires a dense deployment of tags so that readers can always detect some of them. Additionally, interference from specific materials affect the read range of a reader. Last but not least the reader collision problem prevents the colliding readers from communicating with the RFID tags in their respective reading zones and thus the simultaneous tracking of multiple users is more complicated than the single-user case.
In this work, we address, model and evaluate the problem of tracking multiple reader-enabled users in the presence of interference and collisions among their readers when they simultaneously attempt to communicate their common tags.
The remainder of this paper is organized as follows. Section ?? outlines work related to the localization problem. In section ?? an overview of the RFID technology is provided. In section ?? the concept of localization relying on RFID and its limitations are introduced. In section ?? we model the system, communication properties and positioning methods of an RFID-based localization system. Simulations results in section ?? evaluate its performance and finally in section ?? we conclude our study.
Related Work
The most well known positioning system is the Global Positioning System (GPS), [?] , which is satellite-based and is successful for tracking users in outdoor environments. However, the inability of satellites signals to penetrate buildings cause the complete failure of GPS indoors. For indoor location sensing a number of wireless technologies have been proposed, such as infrared, [?] 
RFID Technology Overview
RFID (Radio Frequency IDentification) is an automatic identification system that consists of two basic hardware components, a tag and a reader. A tag has an identification (ID) stored in its memory that is represented by a bit string. The reader, which typically is a powerful device with memory and computational resources, is able to read the IDs of the tags in the neighborhood by running a simple link-layer protocol over the wireless channel. Various types of tags exist which differ significantly in their computational capabilities. They range from dump passive tags which operate without battery but they respond simply to reader's queries to smart active tags which contain both radio transceiver, memory and a power supply. Thus, passive tags compared to active tags are less expensive and with unlimited lifetime but with reduced read range capability. Due to their low cost, passive tags are anticipated to be a popular choice especially for large scale deployment.
The communication between a reader and a passive tag is done using either magnetic or electromagnetic coupling. Coupling is the transfer of energy from one medium to another medium, and tags use it to obtain power from the reader to transfer data. Two are the main types of coupling, inductive or backscatter, depending on whether the tags are operating in the near-field or far-field of the interrogator, respectively. A key difference between them is that far-field communication has a longer read range compared to near field communication.
RFID systems operate in the Industry, Scientific and Medical (ISM) frequency band that ranges from 100 KHz to 5.8 GHz but they are further subdivided into four categories according to their operating frequency: Low Frequency (LF), High Frequency (HF), Ultra-High Frequency (UHF) and Microwave. Tags operating at UHF and microwave frequencies use far-field and couple with the interrogator using backscatter. Recently, ultra-high frequency (UHF) band passive RFID systems have drawn a great deal of attention. In this paper, we consider RFID tags operating in the UHF (890-960 MHz) frequency band.
RFID-based Localization
RFID is a rapidly developing short range technology which uses wireless communication for automatic identification of objects. Due to the low cost of passive tags, the non-LOS requirement, the simultaneous reading of multiple tags, and the reduced sensitivity regarding user orientation, the RFID is considered as an attractive technology for location sensing.
Methology Concept
RFID-based positioning schemes can be classified into two general categories depending on the type of the RFID component supported by the target's device. For the first type we assume that the user device is equipped with a tag and a number of readers are placed in the area. In this case, any of the general positioning techniques, i.e. triangulation, scene analysis or proximity can be employed to estimate the location of the user. In the second case, the user's terminal is equipped with an RFID reader and passive or active tags with static and known coordinates are deployed in the area. Its location can be calculated based on the location information retrieved from the detected tags.
We focus on the second case and we attempt to determine the location of multiple reader-enabled user terminals. More precisely, passive tags are deployed in the floor of the areas such that a grid is formed and they are termed as reference tags.
Limitations
Even though RFID technology has promising key characteristics for location sensing, it has also some limitations which become more intense in the case of simultaneous tracking in a multi-user environment and thus should be taken into account before employing an RFID system for localization.
Since RFID technology uses electromagnetic waves for information exchange between tags and readers, how radio waves behave under various conditions in the RFID interrogation zone (IZ) affects the performance of the RFID system. Radio waves propagate from their source and reach the receiver. During their travel, they pass through different materials, encounter interference from their own reflection and from other signals, and may be absorbed or blocked by various objects in their path. The material of the object to which the tag is attached may change the property of the tag, even to the point it is not detected by its reader.
However, the most harmful type of interference is the one among its components which is known as the RFID collision problem. Three are its main types: tag collision, multiple reader-to-tag collision and reader-to-reader collision.
-Tag Collisions
This type of interference arises when multiple tags are simultaneously energized by the reader and reflect their respective signals back to the reader. Due to a mixture of scattered waves, the reader cannot differentiate individual IDs from the tags; therefore, anti-collision mechanisms such as those known as binary-tree and ALOHA are needed. For dealing with this type of interference the EPCglobal class-1 standard implements an algorithm based on a Query Tree protocol, [?] . Adopting this anti-collision algorithm a reader can potentially read 500 collocated tags per second. -Reader-to-Reader Collisions Reader-to-reader collision is induced when a signal from one reader reaches other readers. This can happen even if there is no intersection among reader interrogation ranges but because a neighbor reader's strong signal interferes with the weak reflected signal from a tag. Figure ? ? demonstrates an example of collision from reader r 2 to reader r 1 when the latter tries to retrieve data from tag t 1 . Generally, signal strength of a reader is superior to that of a tag and therefore if the frequency channel occupied by r 2 is the same as that between t 1 and r 1 , r 1 is no longer able to listen to t 1 s response.
-Multiple Reader-to-Tag Collisions
Multiple reader-to-tag collision happens when a tag is located at the intersection of two or more reader interrogation ranges and the readers attempt to communicate with the tag simultaneously. As illustrated in figure ? ?, when readers r 1 and r 2 transmit query messages to a tag t 1 , t 1 might not be able to read the query messages from r 1 and r 2 due to interference.
Reviewing the current literature several scheduling-based solutions can be found. However, applying any of the general Multiple Access (MA) mechanisms, i.e. Time Division MA (TDMA), Frequency Division MA (FDMA), Code Division MA (CDMA) and Carrier Sense MA (CSMA), directly in RFID is not trivial, mainly due to the limited capabilities of the RFID passive tags.
System and Communication Model
In this section we try to derive a realistic mathematical model for describing the communication properties among the component of an RFID by considering their specifications and the main sources of error related to the localization process.
Area Setup
We model an indoor environment as a 2-D area with L and W denoting its length and width respectively. A set, T , of passive RFID tags with known coordinates (x t , y t ), ∀t ∈ T are placed on the floor of this area such that a grid of reference tags is formed with inter-tag spacing δ. Within this area, a set, N , of users with RFID reader-enabled terminals may be located and an accurate and fast estimation of their position, ( x u , y u ), ∀u ∈ N , should be obtained.
Backscattered Path Loss model and Read Range
The communication link between the RFID components is half duplex, reader to tag and then tag to reader. In forward link, reader sends a modulated carrier to tags and powers up the tags. In return link, the tag receives the carrier for power supply and backscatters by changing the reflection coefficients of the antenna. In such a way, its id is sent to reader. The path loss of this two way link may be expressed as:
where the variable X σ , called the shadow fading, is a zero-mean Gaussian random variable in dB having a standard deviation of σ dB and is used to model the random nature of indoor signal propagation due to the effect of various environmental factors such as multipath, obstruction, orientation, etc. N is the path loss exponent whose value depends on the frequency used.
is the path loss at reference distance d o , where G t , g t , and G r , g r are the gains of the reader and tag transmit and receive antennas, respectively. Γ is a reflection coefficient of the tag and λ the wavelength.
The combined forward and return path losses help calculate the maximum distance between the reader antenna and the tag at which the reader can decode the signals reflected from the tag, also called the read range and denoted as R max . For a desired reader, the received backscattered power, P s (d), is given by
where P t denotes the total transmit power, and α BW is the spectrum power of a used channel normalized by the total power. In the absence of interference, the maximum read range a reader receiver can decode the backscattered signal is such that
where a T H represents a threshold value.
Interference and Read Zone Reduction
In subsection ?? the interference problem was described. Multiple reader-to-tag collisions, reader-to-tag collisions and interference from materials are the most implicating factors and therefore modelling them is essential.
Regarding multiple reader-to-tag collisions we utilize the following model. Let R i and R j denote the read ranges of readers r i and r j and d ij their distance. Apparently, if
and r i and r j communicate at the same time, they will collide and the tags in the common area will not be detected. For characterizing the probability of simultaneous communication we assume that each reader is in a scanning mode with probability p scan . Thus, the probability of collision, P Reader-to-reader collisions affect the R max parameter. In (??) this factor had been neglected. However, when interfering readers exist, the actual interrogation range of the desired reader decreases to a circular region with radius R I max , which can be represented by
where
and I i , interference from reader r i . Finally, for incorporating in the model problem of interference from materials, each reference tag t is assigned a probability, p t of not being detected.
Obviously high values of p t are assigned to tags which are mounted to such interfering materials.
Positioning Methology

Architecture
From architectural point of view, a location determination scheme can be either user-based or network-based. In the first case, each user is responsible for collecting and processing information necessary for determining his location, whereas, in the second case, a dedicated server is responsible for gathering all required data and finally providing the location estimates for all users. Processing capabilities, privacy and scalability issues are usually the main factors for selecting the appropriate approach. We propose a hybrid architecture as a compromise between them, i.e. both user and a central location server participate in the location decision process.
The reader of each user device queries for tags within its coverage in order to retrieve their ids. A list of these retrieved ids , called Tag-List, is forwarded to the Location Server. Based on these received Tag-List and a repository which correlates the ids of the reference tag with their location coordinates, the Location Server estimates the location of that user by employing an RFID-based positioning (see subsection ??) algorithm and finally returns this location estimate back to the corresponding user.
Positioning Algorithms
Let D u denote the set of reference tags successfully detected from a user's reader r u . Note that this happens if all factors described in ?? are considered.
-Simple Average (SA) This is the simplest scheme since it requires only id information of the detected reference tags. In this case, the user location is estimated as the simple average of the coordinates (x t , y t ) of all tags t ∈ D u , i.e.
Since some of the detected tags may be closer than others, biasing the simple averaging method is proposed as an alternative approach. This can be achieved by assigning a weight, w t to the coordinates of each tag t ∈ D u . These weights are based on their distance from the reader. Thus, (??) becomes
where w t = 1/ d t and d t is the estimated distance from the tag t based on the level of the received signal strength.
Finally, a multi-lateration based approach is also investigated, according to which ( x u , y u ) can be obtained by solving the following system of |D u | equations:
Since d t are not accurate, the above system of equations can be solved by a standard LS approach as
where A and b are matrixes obtained after subtracting the last equation from the first |D u | − 1 equations in the system of equations (??) for linearizing it, such that: Fig. 2 . Impact of tag density (δ)
Simulation
In this section we evaluate the performance of our approach through simulations, using Matlab, [?], as our simulation tool. As performance metric we use the mean location error (MLE), defined as the euclidean distance between the actual and the estimated position of a user. We provide and interpret results of the simulations we conducted for evaluating the influence of the parameters δ, α, and R max in the system performance. In order to illustrate the performance degradation due to the collision problem and the essentiality of an anti-collision mechanism, we considered two multi-user environmental cases which differ in the level of the collision problem. Assuming that the probability user readers query their tags follows uniform distribution U (β, 1), we set β = 0 for the first case and β = 1 for the second case. Apparently, for the second environment all users readers scan simultaneously for their tags and thus its performance is anticipated to be worse due to the collision problem among them.
Impact of Tag Density
Figures ?? and ?? illustrate the dependency of the MLE on the tag density, δ, when β = 0 and β = 1, respectively, and for the three rfid-based positioning methods described in subsection ??, i.e. AVG, W-AVG and LS. For all cases, increasing the inter-tag spacing reduces the accuracy. However, when the collision problem is severe, the achieved accuracy and performance reduction are worse and thus a dense tag deployment is required for providing robustness. Finally, comparing the behavior of the three positioning schemes, we note that there is a benefit from the added complexity but in highly colliding environments the achieved benefit is not significant.
Impact of Interference from Materials
Similarly, figures ?? and ?? show the impact of the level of interference (α) from environment materials for the two scenarios when δ = 2 meters. We observe that this factor increases the MLE, however, its impact is less severe compared to the parameter δ.
Impact of Interrogation Range
Finally, in figures ?? and ?? the influence of the maximum read range, R max , is depicted when δ = 2. For both scenarios we observe that when R max = 1, the MLE is increased and this is because tags are not detected. When β = 0, R max = 2 gives the optimum performance for two main reasons; further than this collisions are more probable but also location information from far-away tags is included. For the second case, the optimum performance is achieved when R max = 3 meters because of the collisions which prevents tags from being detected.
Conclusion
In this paper, we explore the applicability of the RFID technology in location sensing and the main design and environmental factors that should be considered before developing an RFID-based localization scheme. We focused on a scenario when the location of multiple reader-enabled terminals needs to be estimated based on the information retrieved from low cost passive tags, which are deployed in an area. We proposed a mathematical model for taking into account all implicating factors which affect the accuracy performance of the system, that is all types of collisions among its components, interference from materials, and temporal environmental changes. Extensive simulations were conducted to evaluate the impact of these parameters. More precisely, when reader collisions is not an issue, a low dense (δ ≤ 4 meters) deployment of passive tags can provide an accurate location information with error less than 1 meter. However, in a highly colliding environment, passive tags should be deployed with spacing of 1 meter in order to have similar location error resilience. Interesting remarks can be drawn regarding the communication range of readers. In the absence of collisions, short read range (2 meters) is beneficial. In contrast when readers attempt simultaneously access to the medium, a higher range (3-4 meters) results in better accuracy.
To summarize, RFID technology is suitable for positioning, but its performance degrades in highly populated environments and thus a denser tag deployment or/and a mechanism for controlling reader transmissions are required.
